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Summary: The preparation, characterization, and an
X-ray crystal structure for the first examples of covalently
bridged phospholyl complexes of titanium are reported.
Preliminary ethylene polymerization data for the ansa
phospholyl—amido titanium complexes show catalyst
activities comparable to the well-known bridged cyclo-
pentadienyl—amido titanium constrained geometry cata-
lysts.

The commercialization of the group 4 metallocenes
for olefin polymerization has spurred the search for new
ligands that will support single-site catalyst activity in
the early transition metals. One direction has been to
explore 6;-electron heterocyclic ligands that bind to the
metal in a fashion similar to the cyclopentadienes. For
example, group 4 metal m-complexes with boron—
carbon,! boron—nitrogen—carbon,? and phosphorus—
carbon34 heterocyclic ligands have been examined for
catalyst activity. Of these ligands, the phospholyls,
being readily accessible® and electronically* similar to
cyclopentadienyl, perhaps have the greatest opportunity
for yielding commercially useful catalysts. Consistent
with this view, the phospholyl catalysts have been one
of the most industrially® and academically* studied
alternatives to metallocenes, despite potential problems
brought by the Lewis basic phosphorus atom.*

Optimization of catalyst performance by manipulation
and design of the cyclopentadienyl ligand has been key
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to the success of the metallocene catalysts. Optimiza-
tion of the phospholyl catalyst will require equally
careful ligand design. One way to achieve this is to
apply ligand technologies created for the metallocenes
to the phospholyl catalysts.

In metallocenes, introduction of a bridge to form
chelating ligands can lead to substantial improvements
in catalyst performance. In particular, the presence of
a bridge in the well-known constrained geometry cata-
lysts 1 leads to large catalyst activity increases over
most unbridged monocyclopentadienyltitanium com-
plexes.® Exploiting this result, we report the prepara-
tion, characterization, and ethylene polymerization
properties of the novel ansa phospholyl—amido titanium
complex, 2, a system structurally similar to catalyst 1.
Compounds 2 are the first examples of covalently
bridged phospholyl catalysts.”
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The preparation of compounds 2 involved a blend of
high yielding synthetic methods employed in phosphole
and metallocene chemistry (Scheme 1). These methods
generally eliminated the need for significant purification
of the synthetic intermediates.® Using zirconocene-
coupling methods,® sequential treatment of Schwartz’s
reagent with 2-butyne, MeLi, and MeC=CSiMe,CI
(generated from propynylmagnesium chloride and Me,-
SiCly) gave zirconacycle 3 in 69% yield after crystal-
lization from hexane. As expected, on the basis of the
reductive coupling results reported for Me3Si-substi-
tuted alkynes,!® only the a Me,SiCl-substituted regio-
isomer of 3 was obtained.

Heating compound 3 with 1 equiv of PhPCI; in
toluene gave phosphole 4 as an oil in essentially
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guantitative yield after removal of Cp,ZrCl, by filtra-
tion.>® Condensation of 4 with excess tert-butylamine
or methylamine cleanly gave the phosphole—SiMe,—
amido ligands 5a and 5b, respectively. Compounds 5
were then reacted with lithium in THF to give dianions
6. This last reaction has not been examined in detail,
but 6 were expected via the reductive cleavage of the
P—Ph bond® and subsequent deprotonation of the
amine by the phenyl anion. Compounds 6 were never
isolated but used directly in further reactions.

Our attempts to prepare complex 2 directly from 6
and TiCl, were unsuccessful, likely due to redox chem-
istry.’1 However, treatment of 6 with 2 equiv of Mez-
SnCl gave the distannyl ligands 7 in >90% purity, as
determined by 'H NMR spectroscopy. Distannyls 7
proved to be useful precursors to 2.11

(8) Representative Experimental Procedures. Preparation of 3: To
a slurry of Cp,ZrHCI (3.802 g, 14.74 mmol) in CH,Cl, (50 mL) at 0 °C
was added 2-butyne (2.5 mL, 1.72 g, 32 mmol). The reaction was
allowed to warm to room temperature, and after 30 min a clear solution
formed. The volatiles were removed in vacuo and the residues
redissolved in THF (30 mL). The solution was cooled to —78 °C, and a
solution of MeL.i in ether (1.4M, 10.5 mL, 15 mmol) was added. After
15 min chloro(dimethyl)(propynyl)silane (1.955 g, 14.7 mmol) was
added, and the reaction mixture was allowed to warm to room
temperature. The reaction was stirred at 25 °C for 45 min, at 45 °C
for 2 h, and then at room temperature overnight. The solvent was
removed in vacuo, hexane (50 mL) added, and the reaction filtered.
The filtrate was concentrated until crystals appeared and then cooled
to —15 °C for 2 days. The orange crystalline product was isolated by
decanting the mother liquor and drying in vacuo. Yield: 4.2 g, 69%.
IH NMR (C;Ds, 6): 6.01 (s, CpH,10H), 1.78 (s, 3H), 1.65 (s, 3H), 1.53
(s, 3H), 0.50 (s, SiMe,, 6H). Anal. Calcd (found) for C19H2sCISiZr: C,
55.93 (55.93); H, 6.13 (6.19). Preparation of 4: Compound 3 (4.028 g,
9.88 mmol), PhPCI;, (1.771 g, 9.89 mmol) and toluene (50 mL) were
combined, and the reaction mixture was refluxed for 3 h. The solvent
was removed in vacuo, hexane (50 mL) was added, and the reaction
was cooled to 0 °C. The reaction was filtered, the solvent removed in
vacuo, and the product obtained as a dark orange oil. The oil was
further purified by a second hexane extraction to remove residual Cp,-
ZrCly. Yield: 2.99 g, 103% (a small amount of Cp,ZrCl, remained). *H
NMR (C;Dsg, 9): 7.27 (m, 2H), 7.00 (m, 3H), 2.17 (d, Jpn = 4.4 Hz, 3H),
1.81 (d, Jpn = 11.6 Hz, 3 H), 1.66 (d, Jp = 1 Hz, 3H), 0.44 (d, Jpn =
10.8 Hz, 6H). 31P{*H} NMR (C;Ds, 0): 31.6. Preparation of 5a: To a
solution of 4 (1.358 g, 4.61 mmol) in THF (30 mL) at —78 °C was added
tert-butylamine (1.3 mL, 12.4 mmol). A white precipitate formed
immediately, and the reaction was warmed to room temperature. After
1 h the volatiles were removed in vacuo, and hexane (10 mL) was
added. The reaction was filtered, the solvent removed in vacuo, and
the product isolated as an orange oil. Yield: 1.483 g, 97%. 'H NMR
(C:7Ds, 6): 7.3 (m, 2H), 7.0 (m, 3H), 2.25 (d, J = 3.7 Hz, 3H), 1.9 (d,
Jpn =10.7 Hz, 3H), 1.78 (m, 3H), 1.08 (s, tBu, 9H), 0.27 (d, Jpy = 0.9
Hz, SiMe,, 6H). 31P{*H} NMR (C;Ds, 0): 31.5. Preparation of 2a: A
solution of 5a (1.465 g, 4.4 mmol) in THF (30 mL) was added to L.i foil
(163 mg, 143 mmol) at room temperature and the reaction stirred for
3 h. The resulting dark red solution was then filtered into a solution
of Me3SnCl (2.04 g, 10 mmol) in THF (20 mL) at —78 °C. After warming
and stirring for 1 h at room temperature, the solvent was removed in
vacuo, and residues analyzed by 'H NMR spectroscopy. The NMR
spectrum showed that the distannyl product, 7a, had formed in >90%
purity. *H NMR (C;Dg, ¢): 2.48 (d, Jpny = 1.1 Hz, 3H), 2.2 (d, Jpn =
12.2 Hz, 3H), 1.92 (s, 3H), 1.26 (s, 9H), 0.48 (s, 6H), 0.38 (s, 9H), 0.07
(d, Jpy = 1.8 Hz, 9H). 3'1P{1H} NMR (C;Dg, 0): —27.3. A solution of 7a
(4.4 mmol) in toluene (30 mL) was added to a toluene solution of TiCl,
(835 mg, 4.4 mmol) at 0 °C. The reaction turned dark red immediately,
and it was left to stir overnight. The toluene and other volatiles were
removed in vacuo, and an *H NMR spectrum of the residue showed a
mixture of products. The oil was redissolved in toluene (50 mL) and
heated to 100 °C for 1 h. The volatiles were removed in vacuo to leave
a crystalline solid. The solid was dissolved in pentane (40 mL) and
the solution filtered and cooled —30 °C for 2 days. Orange/red crystals
formed, and these were isolated by decanting the mother liquor,
washing with pentane, and drying in vacuo. Yield: 916 mg, 57%. H
NMR (C;Dg, 0): 2.22 (d, Jpu = 10 Hz, 3H), 2.04 (s, 3H), 2.01 (s, 3H),
1.36 (s, 9H), 0.57 (d, Jpn = 1.62 Hz, SiMeMe, 3H), 0.43 (s, SiMeMe,
3H). 3P{*H}NMR (C7Dg, 0): 37.8. Anal. Calcd (found) for C13H4Cl>-
NPSiTi: C, 41.96 (41.92); H, 6.57 (6.30); N, 3.77 (3.86).
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Combining 7 with TiCls in toluene gave MesSnCl
elimination and yielded compounds 2. In the case of
tert-butyl derivative 7a, heating of the reaction mixture
to 100 °C was required to ensure complete reaction.
However, for the less sterically encumbered methyl
derivative 7b the reaction went at 25 °C. Compounds
2 were isolated as orange crystalline solids in good yield
(2a, 57%; 2b, 95%, based on 5) and were purified by
crystallization from pentane.

Compounds 2 have been characterized by 'H and 3P
NMR spectroscopy, elemental analysis, and in the case
of 2a by X-ray crystallography. A view of 2a is given
in Figure 1 with selected bond lengths and angles.1? Of
note, the presence of the SiMe; bridge in 2a leads to a
108.4° phospholyl(centroid)—Ti—N angle and to a 0.9439
A deviation of Si from the plane of the phospholyl ring.
The angle is much narrower than the 115.7° centroid—
Ti—Cl angle found in the unbridged (3,4,-dimethylphos-
pholyl)titanium trichloride, 8, the only other structur-
ally characterized monophospholyltitanium complex.t3
This narrowing of the angle in 2a is comparable to the
results observed for compound 1 (Cp(centroid)—Ti—N,
107.6° Si deviation, 0.87 A) relative to unbridged
monocyclopentadienyltitanium complexes (Cp(centroid)—
Ti—N, 115—-120°).6 Compounds 2a and 1 clearly share
some basic structural features.

(12) Crystal data for 2a. C13H24CI;NPSiTi, monoclinic, C2/c, a
16.010(1) A, b = 19.799(2) A, ¢ = 12.191(1) A, B = 104.706(2)°, V
3737.9(6) A3, Z = 8, Deaig = 1.323 g cm3, y = 0.882 mm~1 (Mo Ka,
=0.710 73 A), F(000) = 1552; 6982 reflections (9 range = 1.67—22.50°)
at 296 K, 2432 unique data (Rin: = 0.0403), transmission 0.3493—0.2756
for crystal size 0.40 x 0.40 x 0.40 mm. Final R; = 0.055, R, = 0.1195.
Diffraction experiments were performed on a Siemens SMART System
CCD diffractometer collecting a hemisphere of data in 1329 frames
with 10 s exposure times. The data were processed using the SAINT
and XPREP processing package. An empirical absorption correction
based on redundant data was applied to each data set. Subsequent
solution and refinement was performed using the SHELXTL solution
package operating on a SGI Indy computer.

(13) Nief, F.; Ricard, L.; Mathey, F. Organometallics 1989, 8, 1473.
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Figure 1. Crystallographic view of compound 2a. Selected
bond lengths (A) and angles (deg): Ti—C(1) 2.543(5), Ti—
C(2) 2.522(5), Ti—C(3) 2.407(5), Ti—C(4) 2.324(5), Ti—P
2.599(2), Ti—N 1.909(4), N—Si 1.765(4), Si—C(4) 1.873(5).
CI(1)—Ti—ClI(2) 102.00(7), Ti—N—C(10) 127.5(3), Ti—N—Si
105.7(2), N—Si—C(4) 91.2(2), Si—C(4)—P113.9(3), Si—C(4)—
C(3) 124.8(4), C(4)—C(3)—C(2) 110.8(5), C(4)—P—C(1) 89.8-
(3), P—C(1)—C(2) 113.1(4), C(1)—C(2)—C(3) 113.2(5).

Preliminary ethylene polymerization datal* for com-
pounds 2 show substantially improved catalyst activity
relative to the essentially inactive unbridged mono(s°-
2,3,4,5-tetramethylphospholyl)titanium trichloride,* 9
(Table 1). Perhaps more surprisingly, the data also
show similar activities for compounds 2a and 1. The
utility of this interesting result was somewhat offset by
the lower My, PE obtained from compounds 2 compared
to compound 1 under the reaction conditions described.
Explanation of this lower M, result requires further

(14) Polymerization experiments were conducted in a stainless steel
reactor at 1500 psi. Cyclohexane, catalyst and ethylene were continu-
ously added to the reactor, and the product was continuously removed.
Toluene solutions of catalysts (1.0 mM) and methylalumoxane (Akzo
Nobel, 400 mM) were pumped at 1.0 mL/min into the reactor, to give
an Al/Ti ratio of 400 mol/mol. The total flow of solvent to the reactor
was 27 mL/min. On exiting the reactor, nonanoic acid was added to
prevent further polymerization. The ethylene conversion was measured
by GC reference to an internal standard (propane). Polymer samples
were analyzed by high-temperature GPC.

Organometallics, Vol. 17, No. 25, 1998 5447

Table 1. Ethylene Polymerization Data for
Compounds 1, 2, and 9 with MAO Activation

activity?
ethylene  temp kg(PE)/ Muw
catalyst flow (g/min) (C) (mmol x min) (x 107%) Mu/My

2a 1.0 160 18.0 29 6.3
2a 2.1 160 41.1 50 2.8
2a 1.0 140 18.8 45 3.2
2b 1.0 160 10.7 40 2.7
2b 21 160 26.4 70 35
1 1.0 160 17.7 73 4.6
1 2.1 160 41.3 126 4.2
1 1.0 140 19.3

9 1.0 160 <0.1

a Catalyst activity under steady-state conditions.

study but increases in polymer My, can be obtained from
compounds 2 by decreasing reactor temperature and
increasing ethylene concentration (ethylene flow).15
Methyl derivative 2b gave lower catalyst activities than
2a. Similar activity decreases were reported for the
methyl derivative of compound 1.6

By the introduction of a bridged ligand structure, we
have shown significantly increased catalyst activity is
available from monophospholyltitanium complexes. We
have also discovered striking similarities in the crystal
structures and polymerization activities of compounds
2a and 1. These results show the benefits of transfer-
ring ligand design technologies developed for metal-
locene catalysts to other ligand systems and further
demonstrate the potential of the phospholyl ligand as
a cyclopentadienyl substitute.
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Supporting Information Available: Tables of complete
crystallographic data for 2a and the preparative details for
MeC=CSiMe,Cl, 5b, and 2b (8 pages). Ordering information
is given on any current masthead.
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(15) The fact that 2b gave higher My, polymer than 2a is likely a
function of lower catalyst activity leading to a higher effective ethylene
concentration.



